PURPOSE. We describe the profile and associations of anisometropia and aniso-astigmatism in a population-based sample of children.
METHODS. The Northern Ireland Childhood Errors of Refraction (NICER) study used a stratified random cluster design to recruit a representative sample of children from schools in Northern Ireland. Examinations included cycloplegic (1% cyclopentolate) autorefraction, and measures of axial length, anterior chamber depth, and corneal curvature. v 2 tests were used to assess variations in the prevalence of anisometropia and anisoastigmatism by age group, with logistic regression used to compare odds of anisometropia and aniso-astigmatism with refractive status (myopia, emmetropia, hyperopia). The Mann-Whitney U test was used to examine interocular differences in ocular biometry.
RESULTS. Data from 661 white children aged 12 to 13 years (50.5% male) and 389 white children aged 6 to 7 years (49.6% male) are presented. The prevalence of anisometropia ‡1 diopters sphere (DS) did not differ statistically significantly between 6-to 7-year-old (8.5%; 95% confidence interval [CI], 3.9-13.1) and 12-to 13-year-old (9.4%; 95% CI, 5.9-12.9) children. The prevalence of aniso-astigmatism ‡1 diopters cylinder (DC) did not vary statistically significantly between 6-to 7-year-old (7.7%; 95% CI, 4.3-11.2) and 12-to 13-year-old (5.6%; 95% CI, 0.5-8.1) children. Anisometropia and aniso-astigmatism were more common in 12-to 13-yearold children with hyperopia ‡þ2 DS. Anisometropic eyes had greater axial length asymmetry than nonanisometropic eyes. Aniso-astigmatic eyes were more asymmetric in axial length and corneal astigmatism than eyes without anisoastigmatism.
CONCLUSIONS. In this population, there is a high prevalence of axial anisometropia and corneal/axial aniso-astigmatism, associated with hyperopia, but whether these relations are causal is unclear. Further work is required to clarify the developmental mechanism behind these associations. (Invest Ophthalmol Vis Sci. 2013;54:602-608) DOI:10.1167/ iovs. A nisometropia is an interocular difference in refraction that can be associated with significant visual problems, including aniseikonia, strabismus, and reduced stereopsis. [1] [2] [3] It also is recognized widely as an amblyogenic risk factor, 4 with a greater magnitude of anisometropia being associated with more severe amblyopia. 3, 5 The prevalence of anisometropia decreases typically during the first year of life. 6, 7 Beyond this early period, several studies have reported that prevalence is relatively stable in early [8] [9] [10] and late childhood. 10, 11 Other studies have reported an increase in prevalence throughout childhood associated with myopia 12, 13 and hyperopia. 12 Describing the prevalence of anisometropia in childhood is complicated further as it may be population-specific, with reports of a prevalence ( ‡1.00 diopters sphere [DS]) of 1.6% in 6-year-old children in Australia, 14 6 .7% in 4-to 13-year-old American Indians, 11 and 9.9% in 7-to 18-year-olds in Taiwan. 15 Whether these differences are genetic or geographic in nature, or merely reflect the different ages of the children or the differing prevalence of myopia and hyperopia in these populations is unclear.
Few studies have examined interocular differences in astigmatism (aniso-astigmatism), but of those that have, the prevalence of aniso-astigmatism ( ‡1.00 diopters cylinder [DC]) also varies widely from 1% in 6-year-old children in Australia 14 and 3.3% in 6-to 11-year-olds in Japan 16 to 15% in 4-to 13-yearold American Indian children where there also is a high prevalence of astigmatism and hyperopia. 11 Little is known about either the prevalence of anisometropia or aniso-astigmatism in childhood in Northern Ireland, where there is a high prevalence of refractive errors (myopia, hyperopia, and astigmatism) compared to similarly-aged white children elsewhere. [17] [18] [19] [20] Understanding the prevalence of anisometropia and aniso-astigmatism, and their associations with refraction and age may be useful in designing programs to prevent amblyopia, and assist in deciding when and how to implement such programs. 15 This study describes the prevalence of anisometropia and aniso-astigmatism in 6-to 7-year-old and 12-to 13-year-old white children in Northern Ireland, UK, and explores the associations with refractive error and ocular biometric parameters. The relation between binocular vision status and anisometropia is also explored.
METHODS
The Northern Ireland Childhood Errors of Refraction (NICER) study is a population-based survey of the refractive status of school children living in Northern Ireland. The study was approved by the University of Ulster Research Ethics Committee and the conduct of the study adhered to the tenets of the Declaration of Helsinki. After an explanation of the nature and possible consequences of the study, written consent was obtained from a parent/guardian of all children before the examination. The 12-to 13-year-old children also gave written consent, while verbal assent was obtained from the 6-to 7-yearold children.
The study methods have been described in detail previously. 21 In brief, stratified random sampling of schools from geographic areas characteristic of Northern Ireland was used to obtain a representation of schools and children from urban/rural and deprived/nondeprived areas. Within individual schools, all children in one or more classes were invited to participate. Potential participants were aged 6 to 7 years and 12 to 13 years. The protocol for data collection included measurement of logMAR monocular distance visual acuity from both eyes, uncorrected and presenting (with spectacles if worn); assessment of ocular posture at distance and near using a cover/uncover test; and cycloplegic autorefraction (1% cyclopentolate hydrochloride following 0.5% proxymetacaine, both Minims single dose; Bausch & Lomb, Rochester, NY) using a binocular open-field autorefractor (Shin-Nippon SRW-5000; Shin-Nippon Machinery Company, Ltd., Tokyo, Japan). At least five measurements were taken, with the representative value as determined by the instrument used in subsequent analyses. Following cycloplegia, the Zeiss IOLMaster (Carl Zeiss, Jena, Germany) was used to take ocular biometric measures: at least three measurements of axial length, five simultaneous anterior chamber depth (ACD) measurements, and three corneal radius of curvature readings. Participants were tested within school premises during the school day, between May 2006 and March 2008.
Definitions
Anisometropia is defined as the absolute interocular difference in spherical equivalent refractive error (SER, sphere þ ½ cylinder). Anisoastigmatism is defined as the absolute interocular difference in refractive astigmatism. To facilitate comparisons with other populations, prevalence of anisometropia and aniso-astigmatism of ‡1.00 diopters (D) are presented. 14 To enable the description of the prevalence of anisometropia and aniso-astigmatism in differing refractive conditions, subjects were classified using SER as myopic if they have À0.50 DS or more myopia in either eye. Any remaining subjects then were categorized as having moderate hyperopia if there was at least þ2.00 DS in either eye, or low hyperopia (at least þ0.50 DS and <þ2.00 DS in either eye) with the final classification being emmetropia (>À0.50 DS and <þ0.50 DS in both eyes). 22 Therefore, it was not possible for emmetropic subjects to be anisometropic.
Binocular vision status was recorded using the results of the cover/ uncover test at distance, as either orthophoric, heterophoric (including exophoria, esophoria, and hyperphoria), esotropic, or exotropic. Where hypertropia was present (n ¼ 1) classification was made on the basis of the concurrent horizontal tropia.
Statistics
All statistical analyses were done using Intercooled Stata 11 (StataCorp, College Station, TX). The Mann-Whitney U test was used to explore differences in the distribution of anisometropia and anisoastigmatism by age group. Prevalence results were adjusted for the cluster design. The v 2 test was used to assess variations in the prevalence of anisometropia ( ‡1.00 DS) and aniso-astigmatism ( ‡1.00 DC) by age group. Logistic regression was used to compare the odds of anisometropia ‡1 D in low and moderate hyperopia compared to myopia, and the odds of aniso-astigmatism ‡1 D in low and moderate hyperopia, and myopia compared to emmetropia, taking account of the clustered design. The Mann-Whitney U test was used to examine interocular difference in ocular biometry and acuity in children with and without anisometropia, and with or without aniso-astigmatism. Spearman's rank correlation was used to assess the strength of the association between the interocular difference in ocular biometric measures and the amount of anisometropia and aniso-astigmatism. Fisher's exact test was used to assess the difference in binocular vision status with age group. All confidence intervals (CIs) are 95%. Results were considered statistically significant if P < 0.05.
RESULTS
Of the children invited to participate in the study, parental consent was obtained from 62% of 6-to 7-year-olds and 65% of 12-to 13-year-olds. Reflective of the Northern Irish population, 98.7% of participants were white, and this report presented data from 389 white children aged 6 to 7 years (49.6% male) and 661 white children aged 12 to 13 years (50.5% male) for whom data collection was complete from both eyes (99.7%). The mean ages of the two study groups were 7.1 years (range 6.3-7.8 years) and 13.1 years (range 12.1-14.1 years), respectively.
Distribution of Anisometropia and Aniso-Astigmatism
Most of the anisometropia and aniso-astigmatism was of a low degree. There were no statistically significant age group differences in the distribution of anisometropia or anisoastigmatism (both P > 0.42): the median level of anisometropia in both age groups was 0.25 D (interquartile range [IQR] 0.125-0.50), while the median level of aniso-astigmatism in both age groups was 0.25 D (IQR 0.00-0.50).
Prevalence of Anisometropia and Aniso-Astigmatism
In the younger age group the prevalence of myopia was 2.8% (95% CI, 1.3-4.3) and the prevalence of moderate hyperopia ‡þ2 DS was 26.5% (95% CI, 19.8-33.2). In 12-to 13-year-old children the prevalence of myopia was 17.7% (95% CI, 13.2-22.2) and that of moderate hyperopia ‡þ2 DS was 14.7% (95% CI, 9.9-19.4).
The prevalence of anisometropia ‡1 DS did not differ statistically significantly between 6-to 7-year-old (8.5%; 95% CI, 3.9-13.1) and 12-to 13-year-old (9.4%; 95% CI, 5.9-12.9; P ¼ 0.62) children. The prevalence of aniso-astigmatism ‡1 DC also did not vary statistically significantly between 6-to 7-yearold (7.7%; 95% CI, 4.3-11.2) and 12-to 13-year-old (5.6%; 95% CI, 3.0-8.2; P ¼ 0.18) children. Figure 1 shows the prevalence of anisometropia by refractive status.
In the younger age group, there was no evidence of any difference in the prevalence of anisometropia by refractive classification. The 95% CIs in these instances were wide and encompassed an odds ratio (OR) of 1.0 (low hyperopia versus myopia: OR 0.3; 95% CI, 0.04-3.4; moderate hyperopia versus myopia: OR 3.0; 95% CI, 0.4À22.0). In the older age group, the odds of anisometropia was 80% lower in children with low level of hyperopia compared to myopia (OR 0.2; 95% CI, 0.1-0.5; P < 0.001). However, moderate hyperopia was associated with approximately 8 times the odds of anisometropia compared to myopia (OR 8.0; 95% CI, 4.4-14.6; P < 0.001). Figure 2 shows the prevalence of aniso-astigmatism by refractive status. There was no clear evidence of a difference in the odds of aniso-astigmatism between emmetropes and hypermetropes in the younger age group. Although the risk of aniso-astigmatism appeared to be higher in myopes than in emmetropes, these results must be interpreted with caution due to the small number of cases by refractive classification giving rise to very wide CIs for the younger age group (OR 21.1; 95% CI, 1.8-249; P ¼ 0.015). Also, of the 11 myopic 6-to 7-year-olds, all four who had aniso-astigmatism were classified as myopic due to the effect of unilateral astigmatism on the SER. In the older age group, children with a moderate level of hyperopia were four times more likely than emmetropes to exhibit aniso-astigmatism (OR 4.1; 95% CI, 1.6-10.1; P ¼ 0.003). There was no evidence of a difference in the occurrence of aniso-astigmatism between the other two refractive groups and emmetropia (both P > 0.14).
Relation between Anisometropia and Aniso-Astigmatism, and Ocular Biometric Parameters
There was a statistically significant variation in interocular difference in axial length (but not ACD or mean corneal curvature) in subjects with anisometropia ‡1 DS compared to those with <1 DS anisometropia in both age groups (both P <0.001, Table 1 ).
There was an association between the degree of anisometropia and the interocular difference in axial length (Spearman's correlation ¼ 0.19 for 6-to 7-year-olds and 0.26 for 12-to 13-year-olds, both P < 0.001) but not with interocular difference in ACD or corneal curvature (all P > 0.17).
In both age groups there was a statistically significant variation in interocular difference in axial length and corneal astigmatism (but not ACD) in subjects with aniso-astigmatism ‡1 DC compared to those with aniso-astigmatism <1 DC (all P < 0.02, Table 2 ). There was a statistically significant association between the degree of aniso-astigmatism and interocular difference in corneal astigmatism in 6-to 7-year-olds (Spearman's correlation ¼ 0.11, P ¼ 0.03) but not 12-to 13-year-olds (Spearman's correlation ¼ 0.04, P ¼ 0.33). Although there was no statistically significant association between degree of anisoastigmatism and interocular difference in axial length in 6-to 7-year-olds (Spearman's correlation ¼ 0.05, P ¼ 0.36), there was in 12-to 13-year-olds (Spearman's correlation ¼ 0.10, P ¼ 0.01). There was no statistically significant association between degree of aniso-astigmatism and interocular difference in ACD in either age group (both P > 0.90).
Relation between Anisometropia and Aniso-Astigmatism, and Visual Acuity
There was a statistically significant difference between subjects with and without anisometropia and aniso-astigmatism in terms of their uncorrected and presenting (with spectacles if worn and available) interocular logMAR acuity differences ( Table 3 , all P < 0.04).
Relation between Anisometropia and Binocular Vision Status
There was no statistically significant difference in binocular vision status between the two age groups (P ¼ 0.92, Table 4 ).
Although the number of children with a binocular vision anomaly was small, binocular vision defects were associated with anisometropia ‡1 DS: of the 6-to 7-year-olds, two (25%) of those with esotropia, two (50%) with exotropia, two (12.5%) with a phoria, and 27 (7.4%) who were orthophoric had anisometropia; of the 12-to 13-year-olds, 44% of those with esotropia (n ¼ 7) had anisometropia compared to 40% (n ¼ 2) of those with exotropia, 17% (n ¼ 5) with a phoria and 7.9% (n ¼ 48) who were orthophoric.
DISCUSSION
Our study describes, for the first time to our knowledge, the prevalence of anisometropia and aniso-astigmatism in Northern Irish school children. While a prevalence of anisometropia (9.3%) similar to that found in our study has been reported by Shih et al. in a group of Taiwanese school children, 15 the high prevalence of anisometropia in Taiwan was attributed to the associated high prevalence of myopia in the study population, whereas in our study anisometropia at age 12 to 13 years was more common in children with moderate hyperopia than in those with myopia. A lower prevalence of anisometropia of 5.8% was reported in children in the United States aged 12 to 15 years where anisometropia was associated with myopic and hyperopic refractive errors. 12 However, the US study was not population-based and relied on non-cycloplegic measures of refractive error, so comparisons with our study are not straightforward. A further study of a UK adult population supports an association with ametropia (myopia and hyperopia). 23 It may be that our study participants were too young to demonstrate an association with myopia, which may become evident as the study population ages and more myopia emerges.
In our study aniso-astigmatism appeared to be associated with myopia in the younger age group and with moderate hyperopia in the older age group. However, the association with myopia must be treated cautiously as this was not found in the older age group and the prevalence of myopia was low in 6-to 7-year-olds. SER also has been used to classify refractive status and all four myopic 6-to 7-year-old subjects with anisoastigmatism had been classified as myopic due to astigmatism in one eye.
White school children in Australia, where the prevalence of hyperopia and astigmatism is much lower, 17, 22, 24 have a much lower prevalence of anisometropia (1.6%) and aniso-astigmatism (0.8%) than similarly-aged white school children in our study. Support for an association between aniso-astigmatism and hyperopia comes from a study of American Indian children who have a high prevalence of aniso-astigmatism (15%) associated with hyperopia and astigmatism. 11 There was no significant difference in the distribution or prevalence of anisometropia or aniso-astigmatism between the two age groups. Previous reports on the prevalence of anisometropia with age have been equivocal, with some studies reporting no association 14, 16 and others reporting an increased prevalence of anisometropia with age. 12, 15, 25, 26 Many studies that show increasing prevalence with age have been done on populations with a high prevalence of myopia, the prevalence of which also is known to increase with age. Although the cross-sectional data from our study have shown that the prevalence of anisometropia did not vary statistically significantly between these two age groups, we cannot conclude that anisometropia remains stable throughout childhood or at an individual level. Much of the anisometropia seen in childhood is transitory. 8, 27 Children at age 12 years with anisometropia may not necessarily have been anisometropic at age 6 years, with the converse also applying. Prospective follow-up data will help describe the change in anisometropia with age and its implication for visual function, including whether anisometropia and aniso-astigmatism precede hyperopia or occur as a result of it, and a review of our study's participants is underway.
The finding of an association of anisometropia with increased interocular differences in axial length, but not corneal curvature, is similar to other studies. 14, 25 However, the Sydney Myopia Study also reports a statistically significant association between the prevalence of anisometropia and increased interocular variation in ACD measures (using the Zeiss IOLMaster) that was not found in our study. The reproducibility of using this instrument to measure ACD has been questioned previously, 28 as it relies on a subjective judgment by the operator and may explain the difference in findings. Aniso-astigmatism is associated not only with an increased interocular difference in corneal astigmatism, but also with axial length, possibly due to the relationship among aniso-astigmatism, hyperopia, and anisometropia.
It is difficult to explain how similar genetic and environmental influences cause an interocular difference in axial length growth. To date much of the research on anisometropia has concentrated primarily on the mechanism behind amblyopia development. 4 Although there is a clear association between strabismus and anisometropia, 9 with ocular dominance 29 and premature birth influencing anisometropia development, 30 no definitive biologic or environmental risk factors have been identified currently to our knowledge. 9 However it has been shown recently that spherical equivalent refractive error decreases to less hyperopia in the amblyopic eye of children who have had treatment for their amblyopia, and this emmetropization process is greatest in children with better ocular alignment. 31 It has been postulated that neural binocular coordination may be incomplete in anisometropia, 26 and it recently has been proposed that anisometropia may occur as a result of children adopting a reading position that results in an asymmetric working distance for the two eyes. This, in turn, would affect markedly the image the peripheral retina receives and the peripheral retina has been implicated in the development of refractive errors. 32 The association reported by this and other studies between anisometropia and higher spherical refractive errors may suggest that ametropic eyes are less efficient at controlling and coordinating ocular growth. Anisometropia is an established amblyogenic factor, 4 and children with greater amounts of anisometropia have a higher prevalence and greater depth of amblyopia. It also is associated with esotropia even in the absence of amblyopia. 33 In our study, the prevalence of amblyopia was not ascertained, as neither best corrected acuities nor pinhole measures of acuity were made, so the relationship between anisometropia and amblyopia cannot be described. However, the visual acuity and binocular vision data give support to these associations: the prevalence of strabismus is higher in Northern Ireland than that reported in England, where the prevalence in 7-year-old children was 2.3% (95% CI, 2.0-2.7). 34 Although presenting interocular acuity differences were greater in anisometropia and aniso-astigmatism, it is possible that this was due to uncorrected or undercorrected refractive error. Further review of the participants will identify those with amblyopia and help to clarify any associations.
The opinions of professional groups and clinicians vary in terms of the amount of anisometropia that is considered a risk factor for the development of amblyopia. 4, 35 Some investigators promote the use of a different cut-off point for differing types of anisometropia, for example a cut-off value of >1.00 DS for hyperopic anisometropia and >2.00 DS for myopic anisometropia, as amblyopia occurs more frequently and with lower amounts of anisometropia in hyperopic compared to myopic anisometropes. 5 The American Association for Pediatric Ophthalmology and Strabismus has introduced a set of standard risk factors that should be detected with preschool screening. These include anisometropia (either spherical or cylindrical) greater than 1.50 D as anisometropic amblyopia is rare, in the absence of strabismus, when anisometropia is less than 1.50 D. Although for the majority of patients there is a correlation between the severity of anisometropia and the degree of amblyopia, 36 Abrahamsson and Sjostrand suggested that the threshold for the development of anisometropic amblyopia may be as high as 3.00 DS 37 and further studies are required to discern the amount of anisometropia that is amblyogenic in the current population.
Strengths and Limitations
This paper presents novel data on the profile of anisometropia and aniso-astigmatism in a robustly sampled Northern Ireland population. The participation rate, while lower than expected, compares favorably with the Collaborative Longitudinal Evaluation of Ethnicity and Refractive Error (CLEERE) Study in the United States. 38 Due to ethical constraints, it is difficult to establish reasons for nonparticipation, and although the ethnicity, sex, and type of schooling of participants are comparable to those of the target population, 21 participation bias cannot be excluded. Although this is a school-based rather than a population-based sample, education is compulsory for children in Northern Ireland until 16 years of age, and while official figures are not available it is estimated that less than 1% of children in Northern Ireland are home-schooled (in the public domain at www.hedni.org/faq).
For comparison with other studies, SER is used to describe the association of anisometropia and aniso-astigmatism with refractive error. In this population there is a high prevalence of astigmatism, which results in some individuals with astigma-tism being classified as myopic. However, using the most ametropic meridian in either eye to classify refractive error did not change the associations with anisometropia and refractive status described within this population.
CONCLUSIONS
There is a high prevalence of axial anisometropia and corneal/ axial aniso-astigmatism in school children in Northern Ireland. At age 12 to 13 years, anisometropia and aniso-astigmatism are more common in children with moderate hyperopia, but whether these relations are causal currently is unclear. The developmental mechanisms underlying anisometropia and aniso-astigmatism must be explored further.
